Introduction
At present, information technologies of tonal aerospace image processing are used in many fields: monitoring and evalua-tion of the environment; observing global changes; agriculture; extraction of minerals; monitoring renewable natural resources; meteorology; cartography; military activities, etc. [1] [2] [3] [4] . Tonal digital aerospace images contain the most accurate and opera-
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tive information when compared with other sources [3] . These images are used to create the main component of geoinformation systems -electronic maps [3, 5] . Electronic maps are the vector descriptions of spatial objects grouped into vector layers [5] . Constructing and updating electronic maps using tonal aerospace images is relevant for [3, 5, 6] :
-management of enterprises infrastructure; -optimization of transportation routes; -construction planning; -ecological monitoring, etc.
The main and most labor-intensive stage in making and updating of electronic maps with the use of tonal aerospace images is the construction and distribution of the vector representations of objects over thematic layers (aerospace images vectorization) [3, 5, 7] . The resulting set of thematic layers is the base of an electronic map, which is supplemented with the necessary geospatial and attributive information, or is a source of data to add missing objects. The vectorized images, when compared with raster ones, have the following advantages: scalability, less storage volume, high quality [7] .
The main operation that affects quality of the tonal aerospace image vectorization is to define the objects' contours [2, 3, 5, 7] . Known methods [2, 3, 5, 7] are used to determine the contours of objects. The basic known methods employ the criteria for a maximum first derivative's module and crossing zero of the second derivative in the direction of a brightness function gradient [8, 9] . The formed contour image (a binary contour map) is encoded with the formation of a vector representation of the boundary lines of objects and details of their inner structure. The main disadvantages of known methods for determining contours are:
-the need to restore gaps in contours; -the need to ensure grouping of individual contours into contour representations of objects; -low quality in determining the contours of objects with a smooth drop of the brightness function at the border with a background;
-complexity of localizing a contour line's center due to the existence of the region of its location's uncertainty.
In addition, known methods for determining objects' contours do not take into consideration features of tonal aerospace images. Therefore, most known methods cannot be directly applied to determining the contours on tonal aerospace images.
Thus, it is a relevant task to develop new methods for determining the contours of objects on tonal aerospace images.
Literature review and problem statement
We shall briefly analyze known methods for determining the contours of objects on dissimilar images, including the aerospace images.
Paper [8] suggests methods to determine the contours of objects on images based on the use of a two-dimensional differential scalar Laplace operator. The main drawbacks are the impossibility to define the boundary direction, not the selection but rather the underlining of a brightness differential.
Article [9] proposed determining the boundaries by gradient methods, which calculate the full vector of an image gradient. The main disadvantages are the complexity of solving a Bayesian problem, the need for a priori knowledge of the conditionality of gradient values.
Study [9] applied various methods of spatial differentiation (methods by Sobel, Previt, Roberts, Wallace, sequential masking, etc.) to determine boundaries on an image. The main disadvantages of these methods are the presence of gaps, points and strokes, which form a noise background, the need to know the initial approximation to the sought limit and significant computational costs. The disadvantage of sequential masking methods is a reduced image contrast, blur. The disadvantage of the Laplacian-Gaussian method (LoG) [9] is the non-orientation of the Laplace and Gauss operators. Given this, the method is sensitive to a change in brightness along a parallel direction, which reduces the signal-noise ratio.
The Canny boundary selection method is used in [10] for identifying the contours on an image. The Canny method provides a high probability of detection, high accuracy of localization. A drawback of the Canny method is the disruption of boundaries at points of connections.
Paper [11] proposed a method for identifying enclosed paths in images based on the piecewise optimization strategy. The main drawback of method [11] is its applicability only for contours consisting of the Bezier curves.
The use of an active contour method is proposed in [12] . The disadvantages of the method are: a high accuracy of initial approximations, significant computational costs.
Study [13] proposes using neural networks for image vectorization and for determining contours. However, neural networks require an operator's participation, preprocessing of images; different initial conditions for image acquisition lead to different vectorization results. The neural network is trained on random selection, the final weight ratios for output neurons depend on the original sequence. Completion of the learning process is not based on rigorous optimization mathematical models. Thus, the neural network methods are not suitable for determining contours of objects on aerospace images.
Paper [14] suggests the use of neural networks for mapping and land cadaster applying images from the system World View-2 (DigitalGlobe company, the United States of America). The methods proposed in [14] solve the tasks in rural areas. The use of methods [14] is complicated for determining contours on aerospace images.
Methods reported in [15] [16] [17] are based on that objects consist of geometric primitives (straight lines, circumference, etc.). Work of such methods is based on the integral vector transformation by Radon [15] and the Huff's transformation [16] . The specified methods provide qualitative determination of geometric primitives in images from unmanned aircraft, for example, when an electric transmission line is detected in the forest terrain. The disadvantage of Radon transform [15] is its computational complexity. The number of mathematical operations for geometric primitives and complex-shape geometric objects is no different. The use of the Huff's transformation [17] is advisable in the case of defining geometric primitives in simple images, in terms of location of objects. These can be the images of forest arrays, agricultural fields, rivers, seas and oceans, etc. Under conditions of complex-structured aerospace images the Huff's transformation determines a large number of "junk" objects. This significantly influences quality of further vectorization and decryption of aerospace images.
When processing tonal medical images to determine geometric primitives, authors of [18] consistently apply methods of defining contours, boundaries, as well as the Huff's and Radon transformations. The results reported in [18] make it possible to qualitatively define geometric primitives on medical images. However, medical images [18] are substantially different from aerospace images in their structure.
Paper [19] uses an artificial bee colony method to thematically segment opto-electronic images from the onboard surveillance systems. The disadvantage of the method reported in [19] is a significant computing cost.
Study [20] builds on results from [19] . The authors stated an optimization problem on the segmentation of images from the onboard surveillance systems using an artificial bee colony method. The disadvantage of the method reported in [20] is the identification of areas that are potential objects rather than the objects' contours.
Paper [21] proposed an evolutionary method for thematic segmentation of images from the onboard surveillance systems. The method is based on ant algorithms. However, paper [21] examined only the test examples of the method execution; the fitness function has not been defined, etc. The main disadvantage of the method is the presence on the resulting image of a large number of "junk" objects.
Thus, the methods for determining objects' contours in the images have certain drawbacks and cannot be directly applied to defining objects' contours in aerospace images.
To undertake further research, we set the task of constructing methods for determining the contours of objects in tonal aerospace images based on ant algorithms. The main advantages of ant algorithms are the possibility of their effective division into parallel processes, adaptation, high performance, optimization of control, independence from poor initial decisions.
The aim and objectives of the study
The aim of this study is to construct methods for determining the contours of objects in tonal aerospace images based on ant algorithms.
To accomplish the aim, the following tasks have been set: -to develop the basic principles and stages of the method for determining the contours of objects on a tonal aerospace image based on the ant algorithm;
-to process a tonal image in order to define the contours of objects by the method based on the ant algorithm;
-to devise the basic principles and stages of the method for multi-scale processing of aerospace images based on the ant algorithm;
-to carry out the multi-scale processing of tonal aerospace images with different scale values by methods based on the ant algorithms;
-to estimate the first and second kind errors in determining the contours of objects on tonal aerospace images based on the ant algorithms.
Materials for constructing methods for determining the contours of objects on tonal aerospace images based on the ant algorithms

1. The main principles and stages of the method for determining the contours of objects on a tonal aerospace image
When constructing methods for determining the contours of objects on tonal aerospace images based on the ant algorithms, we shall consider the following assumptions and limitations:
-the source image f(X), where X(x, y) are the coordinates of pixels on an image, is a tonal aerospace image;
-the number of brightness gradations of a tonal aerospace image is 256; -a tonal aerospace image is considered after a pre-processing stage;
-an image is not distorted; -a large number of dissimilar objects are present in an image; -the objects are compact and low-contrast in comparison with the background.
The generalized description of the ant algorithm can be represented by expression (1) [22] :
where ACO -ant colony optimization (optimization by the method of an ant colony or the ant algorithm); S -set of agents; M1 -an object for the exchange of experience between agents (ants); A -the rules of the ant algorithm performance (construction, behavior, modification of agents); P -parameters used in rules A (heuristic coefficients); In, Out -input and output of the ant algorithm (interaction with external environment and control system).
The scheme of relations between agents and the external environment is shown in Fig. 1 .
In Fig. 1 , we used the following designations: -In={In 1 , In fb }; -In 1 -inputs that receive the fitness function ( ) ij j X and constraints G(X); -X(x, y) -vector of agents' positions; -
x y X -vector of agents' positions at the j-th iteration at the i-th pixel of an image;
-In fb -input for a feedback; -Out={Out 1 ,Out fb }; -Out 1 -outputs for the best-found solution best final X and the optimal value for fitness function ( ) ; best final j X -Out fb -output for a feedback; -U ci -controlling influence (start, stop, number of agents, method's parameters, etc.).
The scheme of the method for defining the contours of objects on an aerospace image based on the ant algorithm is shown in Fig. 2 . The scheme represents the sequence of method's actions:
1. Initialize the starting locations of agents on the image in the first iteration ( j=1). X i1 (x i1 , y i1 ) -vector of agents' positions in the first iteration, i=1, 2, …, S; S -total number of agents. The total number of agents S equals the number of pixels in the original image.
2. Calculate fitness function ( ) j j X in the j-th iteration. The fitness function to be defined in the j-th iteration is function (2):
where m is the current number of an agent; N -image size;
( ) m i P j -probability of the m-th agent transition to the i-th turning point of the route in the j-th iteration (3):
where α and β are the parameters that set the weight of pheromone and "greed" of the method, respectively; -R -number of possible turning points along a route; - 
are the elementary displacements of the m-th agent at the i-th point of the image in the j-th iteration along the axes x and y, respectively;
-k -coefficient that takes into consideration the difference in scale along the x and y axes and brightness of image pixels and different units of measurement of elementary displacements and brightness. If brightness accepts a value from range [0…255], then k=1; -
is the difference in the brightness of neighboring pixels for the m-th agent at the i-th point of the image in the j-th iteration -(5):
3. Movement of agents. In an ant algorithm, during each iteration of the iterative process, m agents search for a solution and for the pheromone renewal along the found route. Each m-th agent, when segmenting an image, starts the way from the initial point of the route, sequentially passing the turning points along the route selected by the method, and completes the way at one of the end points of the route. The movement of the agents is based on the criterion for a minimum of fitness function (2) which, taking into consideration the four-connectedness of the movement of agents (6):
takes the form (7):
Input of source data f(X), S, α, β, ρ, 
. Scheme of relations between agents and the external environment
We believe that the attractiveness of route's section ( ) m i L j for the m-th agent at the i-th point of the image in the j-th iteration is inversely dependent on the length of the route's section, for example (8) to (10):
where D 0 is the parameter that takes into consideration a scale of the image. At the beginning of the iterative process, the amount of pheromone along the itinerary is taken to be the same and equal to some small number F 0 . After each iteration, the concentration of pheromone along the sections selected by agents is renewed in line with rule (11):
where [ ] 0,1 ρ Î is the rate of evaporation of pheromone; m i F ∆ is the concentration of pheromone along the i-th section of the route, formed by the passage of the m-th agent.
The result of a certain number of iterations is the determined, most attractive routes, based on the chosen criterion, with the maximum pheromone concentration. Pheromone gradually evaporates along the unattractive routes, thereby eliminating such routes. At α=0, agents at each step move to the nearest turning point of the route, and the ant algorithm is transformed into a "greedy" method from a classical optimization theory. At β=0, only the effect of pheromones is taken into consideration, which could quickly lead to a suboptimal solution.
4. Check the termination conditions. If the condition is met, the original image fs(X) that has the defined objects' contours is retrieved. Otherwise, proceed to point 2.
The parameters of P(1) for the method are determined as P(α, β, ρ, F 0 ).
Thus, the method of determining the contours of objects on a tonal aerospace image based on the ant algorithm, in contrast to known ones:
-takes into consideration patterns of image formation; -employs the ant algorithm to determine the contours; -reduces determining the contours of objects on an image to the calculation of the fitness function, the totality of agents' traffic areas and the pheromone concentration along the agents' traffic routes.
2. Processing of a tonal image to determine the contours of objects by the method based on the ant algorithm
The initial tonal images that we shall consider are images from the spacecraft WorldView-1 (DigitalGlobe company, the United States of America) ( Fig. 3) [23] . The images are an area of the cruising liner Costa Concordia disaster (Fig. 3, a) and an image of the city of San Francisco (the United States of America) ( Fig. 3, b) . The images are represented in tonal gradations in the grayscale range from 0 to 255. Dimensions of the images in Fig. 3 are (640×640) pixels.
Parameters of the method for thematic segmentation of tonal images based on the ant algorithm are constant at each iteration and are equal to: S=409,600 agents; α=2; β=1; ρ=10 -3 ; F 0 =10 -2 .
The calculations were performed by programming using a high-level programming language and an interactive environment for programming, numerical calculations and visualization of results employing MATLAB R2017b.
The condition for terminating the iterative process of determining the contours on tonal images based on the ant algorithm is the boundary number of iterations (50 iterations).
Results from processing the initial tonal images ( Fig. 3, a, b) to determine the contours of objects by the method based on the ant algorithm are shown in Fig. 4 . Fig. 4 shows that the visual assessment of the quality of contours determination makes it possible to define the objects -the state of the damage to the liner, the objects of urban infrastructure, transport, etc. It is necessary to emphasize the presence on the image (Fig. 4 ) of a large number of highlighted contours of small-size objects, the so-called "junk" objects. In order to reduce the number of "junk" objects in the resulting image, we shall consider the basic principles and stages of the method for multiscale processing of aerospace images based on the ant algorithm. 
3. Basic principles and stages of the method for multi-scale processing of aerospace images based on the ant algorithm
The essence of the multiscale conversion of aerospace images is illustrated in Fig. 5 .
The multiscale conversion of initial image f(x, y), where (x, y) are the spatial coordinates of the image, shall be represented in form (12) In expression (12) the convolution is performed based on spatial coordinates (x, y), and the scaling factor K m indicates only the scale of the convolution operation. The choice of such a core of the conversion is due to the uniqueness of a Gaussian nucleus, which includes linearity, invariance to the shift, to scale distortions, to image rotation and to not enhancing local extrema in the original image [24] .
The scaling factor K m serves as the variance in expression (13) for a Gaussian. At K m =0, the conversion core g(x, y, 0) becomes a pulse function, such that L(x, y, 0)=f(x, y), that is the scale conversion of the original image is precisely the original image f(x, y). When the scale factor K m is increased, ( ) , , m L x y K is the result of smoothing the initial image f(x, y).
The improvement of quality of multiscale processing of aerospace images is based on that the objects are on images with a different scale value K m . In this case, the decrypting features of objects can manifest themselves to a certain degree in the images of multiple scales. In addition, some of the decrypted features of the objects may change so that it is able to be considered as another (additional) de-encrypting attribute.
The scheme of the method for multi-scale processing of aerospace images based on the ant algorithm is shown in a general form in Fig. 7 . The essence of the method for multiscale processing of aerospace images based on the ant algorithm comes down to the following.
1. Enter source data, namely (Fig 7) :
In Fig. 7:  -X(x, y) 
where & is the logical operation "conjunction" ("logical multiplication"). Table 1 is the truth table of the logical operation "conjunction" for the resulting image ( ). R fs X Table 1 Truth table of the logical operation "conjunction" for the resulting segmented image R fs X Therefore, the method for multi-scale processing of aerospace images based on the ant algorithm, in contrast to known ones, implies the following:
determining the contours on images with a different value of scale factor using the method based on the ant algorithm;
rescaling of images with a different value of scale factor to the initial size and computation of the image-filter;
the resulting image is a pixelwise product of the original image and the image-filter.
Multiscale processing of tonal aerospace images with different scale values using methods based on the ant algorithms
The original images to be considered are the tonal images from the spacecraft WorldView-1 (DigitalGlobe company, the United States of America) ( Fig. 3) [23] with different scale values K m =1, 2, 3, …, 31, 32. Multiscale processing of the tonal images will be carried out by the method of multi-scale processing of tonal aerospace images based on the ant algorithm (Fig. 7) . The method parameters are permanent for images with different scale factor values at each iteration and are equal to: I I is the unity matrix. The method parameters were determined by selecting and were not optimized. Optimization of the specified parameters is a separate scientific task and is the subject of further research.
The tonal images with defined contours at different scale values and rescaled to scale K m =1 are shown in Fig. 8 . The condition to terminate the method, based on the ant algorithm, for determining the contours of images at each scale is the limit of iterations equal to 50.
The image-filter f f (X) is calculated from expression (14) and is shown in Fig. 9 . The brightness of each pixel in the image-filter is defined by the image informativeness metric at different scale values and is calculated by averaging the brightness of the corresponding pixels of images with different scale values. The resulting image ( ) R fs X is determined from expression (15) as a pixelwise product of the source image ( ) 1 K f X and the image-filter f f (X) and is shown in Fig. 10 . Calculations were performed using the high-level programming language and interactive environment for programming, numerical calculations and visualization of results employing MATLAB R2017b. By comparing Fig. 4, a and Fig. 10 we have established that the use of multi-scale processing reduces the number of "junk" objects. At the same time, due to the multi-scale processing in Fig. 10 , unlike in Fig. 4 , a, not the objects' contours are defined but the objects in full. Consider another original image (Fig. 3, b) -image of the city of San Francisco from the spacecraft WorldView-1. The tonal images with defined contours at different scale values and rescaled to the scale K m =1 are shown in Fig. 11 . The image-filter f f (X) is shown in Fig. 12 . The resulting image ( ) R fs X is shown in Fig. 13 .
Calculations were conducted using the high-level programming language and interactive environment for programming, numerical calculations and visualization of re-sults MATLAB R2017b. By comparing Fig. 4, b and Fig. 13 we have found that the use of multi-scale processing reduces the number of "junk" objects. At the same time, due to the multi-scale processing in Fig. 13 , unlike Fig. 4, b , not the objects' contours are defined but the objects in full.
5. Estimation of the first and second kind errors in determining the contours of objects on tonal aerospace images based on the ant algorithms
The indicators for determining the quality of contours of objects on tonal aerospace images shall be errors of first and second kind. The errors in determining objects of urban infrastructure of first (α 1 ) and second (β 2 ) kind are determined based on the maximum likelihood criterion, which follows from the generalized criterion of an average risk minimum [20] . The errors in determining elements of urban infrastructure of first kind α 1 and second kind β 2 are calculated from expressions (16) , (17) , respectively [20] :
where S 1 (fs(X)) is the area of plots (number of pixels) of the background that is mistakenly attributed to the objects' contours on image fs(X); -S 2 (f(X)) is the area of plots (number of pixels) in the background of the source image f(X); -S 3 (fs(X)) is the plane (number of pixels) of correctly defined objects' contours on image fs(X);
-S 4 (f(X)) is the plane (number of pixels) of the contours of objects on the original image f(X).
Calculations based on expressions (16) , (17) shall be carried out under the same conditions, the same signal/noise ratio for the methods of determining the contours of objects employed by known methods. The chosen known methods are the Canny method and a Random forest method. Comparison shall be carried out using the method of determining the contours of objects on a single aerospace image based on the ant algorithm and applying the method of multi-scale processing of aerospace images based on the ant algorithm.
The values for first and second kind errors for different methods, calculated from expressions (16) , (17) , are given in Table 2 .
Analysis of data from Table 2 indicates a reduction in the first and second kind errors in determining contours on tonal aerospace images when using the constructed methods. The errors of determining the contours of objects on tonal aerospace images decreased on average by the magnitude of 18-22 %. Table 2 Estimation of the first and second kind errors in determining the contours of objects on tonal aerospace images by different methods
Methods for determining objects' contours α 1 , % β 2 , %
Canny
Image of the region of the cruising liner Costa Concordia disaster (Fig. 3, a) 23 26
Image of the city of San Francisco (Fig. 3, b) 27 30
Random forest
Image of the region of the cruising liner Costa Concordia disaster (Fig. 3, a) 27 31
Image of the city of San Francisco (Fig. 3, b ) 32 36
Method for determining the contours of objects on a single aerospace image based on the ant algorithm ( Fig. 2) Image of the region of the cruising liner Costa Concordia disaster (Fig. 3, a) 13 17
Image of the city of San Francisco (Fig. 3, b ) 17 21 Method of multi-scale processing of aerospace images based on the ant algorithm ( Fig. 7) , K m =1, 2, 3, …, 31, 32
Image of the region of the cruising liner Costa Concordia disaster (Fig. 3 , a)
10
Image of the city of San Francisco (Fig. 3, b ) 10 13
Discussion of results of constructing the method for determining the contours of objects on tonal aerospace images based on the ant algorithms
We have devised the basic principles and stages of the method for determining the contours of objects on tonal aerospace images based on the ant algorithms. It was established that the main stages of the method are ( Fig. 2) : to initialize the starting positions of agents on an image during first iteration; calculate the fitness function; move agents; check the condition for terminating the method execution. A special feature of fitness function (7) is that at the same time the brightness of image pixels is taken into consideration, the weight of pheromones, the attractiveness of agents' route's section considering the four-connectedness of agents' moves (6) . The method for determining contours of objects on a tonal aerospace image is based on the ant algorithm; in contrast to known ones, it takes into consideration patterns in the image formation. Determining the contours employs an ant algorithm. Determining the objects' contours on an image is reduced to calculating the fitness function, the totality of agents' motion sections and the pheromone concentration along the agents' motion routes.
We have processed tonal images ( Fig. 3, a, b) to determine the contours of objects by the method based on the ant algorithm. It was established that the visual estimation of quality of determining the contours (Fig. 4, a, b) makes it possible to define objects -the state of the damage to the sea liner, the objects of urban infrastructure, transport etc. We note that there is a large number of selected contours of small-size objects ("junk" objects) in the resulting image.
In order to reduce the number of "junk" objects on the resulting image, the main principles and stages of the method of multi-scale processing of aerospace images based on the ant algorithm ( Fig. 7) have been developed. The improvement of the quality of multiscale processing of aerospace images is based on that the objects are to be found on images with a different value of scale factor K m . In this case, the decrypting features of objects can manifest themselves to a certain degree on images at multiple scales. In addition, some of the decrypted features of objects may change so that they shall be considered as another (additional) de-encrypting attribute. The main stages of the method of multi-scale processing of aerospace images based on the ant algorithm are (Fig. 7) : -enter source data; -determine contours by the method based on the ant algorithm, acquire a sequence of images with different scale values;
-rescale the sequence of images with a different value for scale-factor to the original scale;
-compute the image-filter; -determine the resultant image; output of the resulting image.
The multiscale processing of tonal aerospace images with different scale values was performed by using methods based on the ant algorithms. It was determined that the use of multi-scale processing reduces the number of "junk" objects. At the same time, due to the multi-scale processing, not only the contours of objects are determined but the objects in full ( Fig. 10, 13) .
We have estimated the first and second kind errors in determining the contours of objects on tonal aerospace images based on the ant algorithms. It was established that using the constructed methods reduces the first and second kind errors in determining contours on tonal aerospace images on average by the magnitude of 18-22 % ( Table 2) .
The main disadvantage of the devised methods for determining the contours of objects on aerospace images is the need for a significant computing resource.
When undertaking the further research, it is necessary: -to build a method for determining the contours of objects on colored aerospace images;
-to construct a method for multi-scale processing of colored aerospace images.
Conclusions
1. We have devised the main principles and stages of the method for determining the contours of objects on tonal aerospace images based on the ant algorithms. The method for determining the contours of objects on an image is reduced to calculating the fitness function, the totality of agents' motion sections and the pheromone concentration along the routes of agents' motion.
2. The processing of a tonal image to determine objects' contours was performed using the method based on the ant algorithm. It was established that visual assessment of the quality of contour detection makes it possible to define objects. At the same time, a large number of "junk" objects are present on the resulting image.
3. We have devised the main principles and stages of the method for multi-scale processing of aerospace images based on the ant algorithm. The method of multi-scale processing of aerospace images based on the ant algorithm, in contrast to known ones, implies determining the contours on images with a different value of the scale factor by the method based on the ant algorithm. Additionally, one re-scales images with different scale factor values to the original size and computes the image-filter. The resulting image is a pixelwise product of the original image and the image-filter. 4 . The multiscale processing of tonal aerospace images with different scale values was performed using methods based on the ant algorithms. It was established that the use of multi-scale processing reduces the number of "junk" objects. At the same time, due to multi-scale processing, not the objects' contours are defined but the objects in full.
5.
We have estimated the first and second kind errors in determining the contours of objects on tonal aerospace images based on the ant algorithms. It was established that using the constructed methods reduces the first and second kind errors in determining contours on tonal aerospace images on average by the magnitude of 18-22 %.
